A 27-yr-old woman with lifelong severe exercise intolerance manifested by muscle fatigue, lactic acidosis, and prominent symptoms of dyspnea and tachycardia induced by trivial exercise was found to have a skeletal muscle respiratory chain defect characterized by low levels of reducible cytochromes a + a3 and b in muscle mitochondria and marked deficiency of cytochrome c oxidase (complex IV) as assessed biochemically and immunologically. Investigation of the pathophysiology of the exercise response in the patient revealed low maximal oxygen uptake (1/3 that of normal sedentary women) in cycle exercise and impaired muscle oxygen extraction as indicated by profoundly low maximal systemic arteriovenous oxygen difference (5.8 ml/dl; controls = 15.4±1.4, mean±SD). The increases in cardiac output and ventilation during exercise, normally closely coupled to muscle metabolic rate, were markedly exaggerated (more than two-to threefold normal) relative to oxygen uptake and carbon dioxide production accounting for prominent tachycardia and dyspnea at low workloads. Symptoms in our patient are similar to those reported in other human skeletal muscle respiratory chain defects involving complexes I and III, and the exaggerated circulatory response resembles that seen during experimental inhibition of the mitochondrial respiratory chain. These results suggest that impaired oxidative phosphorylation in working muscle disrupts the normal regulation of cardiac output and ventilation relative to muscle metabolic rate in exercise.
Introduction
Severe intolerance ofphysical exercise associated with elevated blood lactate levels at rest or with minimal exercise is a wellrecognized syndrome of skeletal muscle mitochondrial disease (1, 2) . In many cases the underlying biochemical abnormality is undefined, but in others a defect involving the respiratory chain in skeletal muscle at the level ofcomplex 1 (NADH-CoQ oxireductase) or complex III (CoQ-cytochrome c oxireductase) has been identified (1, 2) . In patients with these disorders of skeletal muscle electron transport, trivial exertion leads to muscle fatigue associated with prominent tachycardia and dys-pnea in the absence of hemodynamically significant cardiac disease (3-7>. The pathophysiology of this symptom complex is poorly understood.
Circulatory and ventilatory responses to exercise normally are closely coupled to skeletal muscle metabolic rate. Regulation is achieved in part by reflexes that originate in working muscle and are activated by metabolites produced in response to muscle energy demands (8) . In certain disorders of muscle energy metabolism, circulatory and ventilatory exercise responses are exaggerated apparently due to anomalous accumulations of regulatory metabolites during muscular work (9) (10) (11) (12) (13) . Comparable physiologic data are lacking in skeletal muscle electron transport defects.
We identified an adult with a respiratory chain defect in skeletal muscle characterized by low levels of reducible cytochromes a + a3 and b and marked deficiency of cytochrome c oxidase (COX,' complex IV). As in previously reported respiratory chain defects involving complex I or III (3-7), the dominant clinical feature in our patient was abnormal exertional muscle fatigue in which systemic symptoms of breathlessness and cardiac palpitations contributed to exercise intolerance. We found that this clinical syndrome was related to a distinctive pattern of exercise pathophysiology in which increases in cardiac output and ventilation from rest to exercise were greatly exaggerated relative to metabolic rate as apparent direct consequences of the severe oxidative defect in skeletal muscle.
Methods

Clinical history
The patient was a 27-yr-old woman with lifelong exercise intolerance marked by exertional dyspnea and tachycardia in association with premature fatigue of active muscles. Muscle pain was not prominent and she denied exertional muscle cramping or pigmenturia. Early development was noteworthy for the fact that she walked later ( 17 mo) than her five siblings (10-14 mo) . Her parents recalled that she always avoided physical activity and was the first to tire during family outings. As a child, she was unable to run, skate, or skip rope due to easy fatigue. Poor endurance precluded normal school physical education activities and she recalled that when other children were required to run around the gym, she could only walk, becoming fatigued after circling the gym once. Exercise tolerance mildly worsened as she got older, but she was able to attend school and work as a registered nurse by carefully pacing herselfand resting frequently. Diet or ethanol were not noted to affect symptoms.
The patient came to medical attention during a vacation outing. Toward the end ofthe day she became separated from a member ofher party, resulting in anxiety, a flurry of walking, and inability to rest despite symptoms of shortness of breath and fatigue. She developed severe dyspnea, palpitations, and leg heaviness. After resting she felt better, but symptoms rapidly recurred with a two-block walk to the car. She was so dyspneic she was unable to speak and simply nodded when asked if she wanted to be taken to an emergency room. There she was found to have a severe metabolic acidosis which subsequent testing proved to be lactic acidosis. There was no family history of similar symptoms. Her parents and five siblings were living and well.
On physical examination the patient was small (height, 161 cm; weight, 49.9 kg) and thinly muscled. Cardiopulmonary examination was normal. Cranial nerves were intact. There was mild neck flexor and proximal limb weakness with slight difficulty arising from a squat. Recent bilateral bunion surgery contributed to some trouble walking on heels and toes. She was able to perform a sit-up without difficulty. Vibratory perception and proprioception were mildly impaired at the toes and there was slight unsteadiness on tandem walking. Cerebellar function was otherwise normal and reflexes were intact. Normal laboratory tests included hematocrit, hemoglobin, thyroid function tests, serum electrolytes, calcium, magnesium, glucose, urinalysis, and urinary amino acid profile. Serum creatine kinase and aspartate and alanine transaminases were not elevated. Electrocardiogram and chest film were normal, as were electromyogram and motor nerve conduction velocities.
Evaluation
Cycle exercise. The patient and eight age-matched (26±4 yr, mean±SD; wt, 59.8±7.3 kg) healthy women exercised using an electrically braked, pedal-rate independent cycle ergometer (NASA, Skylab). Submaximal and maximal workloads of 5-6 min duration were performed in ascending order of intensity with a 15-min rest period between each workload. Maximal exercise was regarded as the highest workload at which cycling could be continued for 5 min. At rest and in the last minute of each workload, expired air was collected in Douglas bags and cardiac output (Q) was determined. Ventilation (VE), oxygen uptake (Vo2), and carbon dioxide production (Vco2) were measured using a Tissot spirometer and mass spectrometer (model 1 IOOA; Perkin-Elmer Corp., Norwalk, CT). The respiratory exchange ratio (RER; Vco2/Vo2), VE/Vo2, and VE/Vco2 were calculated from gas exchange data. Cardiac output was measured noninvasively using acetylene rebreathing (14) . In this procedure subjects rebreathe a gas mixture consisting of 30% 02, 16% He, 0.7% C2H2, and 0.3% CO in N2 from an anesthesia bag. Helium serves as an indicator of system volume, and the rate of disappearance of C2H2 from the system relative to He is proportional to pulmonary blood flow and Q. Comparison ofthe acetylene method with simultaneous dye-dilution cardiac output measurements at rest and during exercise established the absence of systematic error, a linear r of 0.94, and an SE of measurement of < 5% (14) . The increase in cardiac output (AQ, liters/minute) from rest to exercise relative to the increase in oxygen uptake (liters/minute; i.e., AOAQVo2) was determined as the slope of Q on Vo2 determined by linear regression analysis of resting, submaximal, and maximal exercise data for each subject. Systemic arteriovenous oxygen difference was calculated as the ratio Vo2 (milliliters)/Q(deciliters). Heart rate was monitored continuously from electrocardiographic recordings and BP was determined at rest and every 30 s during exercise using an electrosphygmomanometer (model PE 300; Narco Bio-Systems, Inc., Houston, TX).
Venous (antecubital) blood was collected at rest and in the last minute of each workload in the patient and five control subjects. Lactate and pyruvate were determined in perchloric acid extracts of whole blood (15) and the lactate/pyruvate ratio (L/P) was calculated.
Morphological, biochemical, and immunologic evaluation ofmus-
cle. An open biopsy of the vastus lateralis muscle was performed for histopathological and biochemical determinations. Portions of the biopsy were frozen in liquid nitrogen-cooled isopentane for histochemistry, fixed in glutaraldehyde for electron microscopy, frozen in liquid nitrogen for subsequent biochemical assays, and used for preparation of fresh skeletal muscle mitochondrial fractions for cytochrome determinations (16) . The remainder of the mitochondrial fraction was frozen for assay of selected mitochondrial enzymes. Controls for biochemical and immunologic studies were patients undergoing muscle biopsy who ultimately were deemed to be free of neuromuscular disease and normal subjects undergoing hip replacement. Cytochrome difference (reduced-oxidized) spectra were determined at room temperature on a dual beam spectrophotometer (model DW-2a; American Instrument Co., Silver Spring, MD) with cytochromes reduced using substrate (pyruvate, succinate) or sodium dithionite (17). Gassing with carbon monoxide revealed no spectral shift, indicating that the mitochondrial preparations were free of contaminating hemoglobin and myoglobin. Cytochrome concentrations were calculated using the extinction coefficients used by Bookleman et al. ( (22) were determined spectrophotometrically in freeze-thawed, sonicated mitochondrial extracts. Oligomycin-sensitive mitochondrial ATPase (ATP synthase, EC 3.6.1.34) was assayed by monitoring phosphate liberation at 30°C (23) . Mitochondrial protein was determined colorometrically (24) . In freeze-thawed, sonicated crude muscle homogenates, activities of citrate synthase and COX were determined spectrophotometrically (25) . Carnitine palmitoyl transferase (palmitoyl-CoA: L-carnitine-o-palmitoyl transferase, EC 2.3.1.21) activity was assayed using the "forward reaction" (reaction II of McGarry and Foster) (26) . Carnitine (free and total) was assayed radiochemically in whole muscle homogenates (27) .
Polyclonal antibodies were raised in rabbits against COX purified from human heart (25) . The presence of enzymatically inactive, immunologically crossreacting material was estimated by ELISA using muscle homogenates and mitochondrial preparations as antigen and different dilutions of antiserum against COX.
Results
Physiology. Oxygen uptake was normal at rest and rose normally in relation to exercise workload (Table I and Cardiac output and heart rate were normal at rest but during exercise increased dramatically relative to oxygen uptake (Table I and Fig. 2 ). The slope of increase in cardiac output in relation to oxygen uptake, i.e., AQ/AVo2, was more than threefold greater than normal (patient, 16.2; controls, 5.1±0.7), indicating a profound disturbance of the normal relationship between Q and Vo2 in exercise (Fig. 2 B) . Maximal cardiac output was only slightly lower than that of control women (180.3 ml/kg per min vs. 208±14.1). Systolic (S) and mean arterial pressures (MAP) at rest (patient: S = 117, MAP = 89 mmHg; controls: S = 123±9, MAP = 89±9 mmHg) and with maximal exercise (patient: S = 152, MAP = 117; controls: S = 166± 10, MAP = 113±13) were comparable in the patient and control women, but the increase in arterial pressure relative to workload was abnormally steep in the patient. Systemic arteriovenous oxygen (a-v 02) difference rose approximately threefold from 5.4 to 15.4 ml/dl from rest to maximal exercise in normal women, but there was only a 25% increase in oxygen extraction per unit ofblood during exercise in the patient (rest = 4.6, max = 5.8) ( Table I ), implying that impaired oxygen extraction by working muscle was a principal (Fig. 3, A and B) . RER was normal at rest but rose abnormally steeply relative to workload and oxygen uptake (Fig. 3 C) . Maximal RER was abnormally high (1.70 vs. 1.16±0.06). The patient's resting venous lactate varied substantially (range, 0.85-4.8 mM) and was elevated except after prolonged inactivity. Venous lactate and the L/P after 5 min of maximal exercise was normal (patient lactate = 9.4 mM, L/P = 65; control lactate = 8.8+2. 1, L/P = 50±13) but the increase in lactate and L/P relative to workload and level of oxygen uptake was excessive (Fig. 4) .
Histology. Routine muscle histochemistry showed only minor abnormalities; modified Gomori trichrome revealed a slight increase in internal red staining but no striking subsarcolemmal accumulations indicative of "ragged red" fibers (28) . Moderately increased lipid accumulation predominantly in type 1 fibers was apparent on oil-red-O staining. The histochemical stain for cytochrome oxidase was absent in virtually all fibers (> 90%) in the biopsy specimen. Abundant lipid droplets and glycogen granules were apparent ultrastructurally. Mitochondria were abundant but appeared morphologically normal.
Biochemistry. In isolated mitochondria, levels of reducible cytochromes a + a3 and b were markedly low while cytochrome c + c, was increased compared with controls (Fig. 5 , Table II ). COX activity was strikingly reduced to 10% and succinate-cytochrome c reductase to 30% of the mean of con- (Table II) . Citrate synthase activity in isolated mitochondria was three times the control mean. In crude muscle homogenates COX activity was low, while levels of carnitine palmitoyl transferase and citrate synthase were two-to threefold the mean for control subjects (Table II) .
Levels of free (patient = 0.63 jtmol/g wet wt, control = 1.80±0.39 mmol/g wet wt) and total (patient = 0.91, control = 2.82±0.41) muscle carnitine were reduced (Table II) .
Corresponding to the marked reduction in enzymatically and histochemically measured COX activity, immunoreactive COX material was markedly low by ELISA in crude muscle homogenates and in isolated mitochondria (Fig. 6) , indicating reduced levels of immunologically crossreacting enzyme protein.
Discussion
This patient had a disorder involving respiratory chain complexes III and IV in skeletal muscle. A complex IV defect is manifest by deficiency of reducible cytochrome a + a3, low (29) , implying that these disorders promote mitochondrial biogenesis. This may compensate partially for the oxidative defect as illustrated by the fact that in our patient COX activity in whole muscle was higher (20% of normal) than that expressed per milligram of mitochondrial protein (10% of normal). In contrast to most respiratory chain disorders (1, 2), typical ragged red fibers, related to subsarcolemmal accumulation of numerous, abnormal mitochondria, were not seen in the muscle biopsy sample, and mitochondrial morphology appeared largely normal. Similar histologic findings have been reported in COX deficiency associated with Leigh syndrome (30) , in a patient with fatal infantile COX deficiency (31) , and in a patient clinically similar to ours with exercise intolerance and lactic acidosis in whom a mitochondrial disorder was suspected though muscle biochemical investigations were not undertaken (32) . Such observations stress the limitations of mus- cle morphology and the need for more specific histochemical or biochemical determinations to identify muscle mitochondrial defects.
The dominant clinical syndrome of severe exercise intolerance in our patient differs from previously reported cases of COX deficiency (33) . Human COX deficiency has been identified most commonly as a fatal infantile myopathy (33) or as a fatal childhood encephalomyopathy in which central nervous system and muscle symptoms coexist (30, 33, 34) . Combined deficiency of complexes IV and III, as found in our patient, is common in fatal infantile COX deficiency (33) . Pleiotropic respiratory chain defects involving cytochromes a + a3 and b may occur in yeast with either mitochondrial or nuclear gene defects (35) . Mitochondrial DNA codes for at least 13 proteins including 3 subunits ofcytochrome oxidase and cytochrome b as well as subunits in complex I and mitochondrial (oligomycin-sensitive) ATPase. The remaining respiratory chain proteins, including those that may confer tissue specificity (36) , are coded on the nuclear genome. About half ofreported cases of COX deficiency are familial with apparent autosomal recessive inheritance, implying a nuclear genomic defect. None had evident maternal inheritance (33) as expected in mitochondrial genome defects, but mitochondrial DNA deletions have been found in the absence of a positive family history in some patients with complex I or III defects (37) . The oxidative defect in our patient severely impairs the capacity for dynamic exercise, underscoring the dominant role of muscle oxidative metabolism in supplying the energy required to sustain exercise. Dependence on anaerobic metabolism to supply muscle energy needs in exercise is correspondingly increased. Anaerobic glycogenolysis and muscle cytoplasmic redox, indicated by levels of blood lactate and L/P, respectively, are high at low levels of muscle work. Similar respiratory chain defects accelerate muscle phosphocreatine depletion during and slow repletion after exercise (38, 39) .
The nearly 1:1 ratio between oxygen transport and utilization in exercise illustrates the normal tight gearing of oxygen delivery to muscle oxidative rate. Assuming normal oxygencarrying capacity (i.e., 20 ml O2/dl of oxygenated blood), 5 liters of cardiac output are required to transport 1 liter of oxygen in exercise. In normal individuals cardiac output increases 5-6 liters for each liter of increase in oxygen uptake from rest to exercise (i.e., AQ/AVo2 = 5-6) with only minor variation with respect to age, sex, body weight, level of conditioning, or active muscle mass (40) . Mechanisms responsible for matching 02 transport (i.e., Q) and 02 utilization include activation of brainstem cardiovascular centers (a) in parallel with activation of motor units via the corticospinal tract, i.e., "central command" (41) ; and (b) reflexly via unmyelinated afferent fibers that arise in skeletal muscle and are sensitive to metabolites produced during muscle contraction (8) .
The muscle oxidative defect in our patient is associated with an increase in cardiac output in exercise that is three times normal relative to the rate of oxidative metabolism, while oxygen extraction per unit of blood (i.e., a-v 02 difference) remains virtually unchanged in contrast to the normal threefold increase from rest to maximal exercise. This indicates a gross mismatch between oxygen transport and utilization in exercise. This is not attributable to anemia or hypermetabolism (42) since hemoglobin concentration and resting oxygen uptake and circulation were normal.
This cardiac response to exercise is inconsistent with primary cardiac disease or cardiac deconditioning. Severe myocardial or valvular disease typically produces a hypokinetic circulation in exercise with low maximal cardiac stroke volume and cardiac output, with normal or high maximal systemic a-v 02 difference (43) . In our patient, cardiac pump function as indicated by cardiac output, cardiac stroke volume, and arterial pressure in maximal exercise was comparable to normal women. Myocardial work and myocardial metabolic rate are proportional to the product of systolic arterial pressure and heart rate (44). The patient's normal left ventricular performance at a maximal myocardial workload (heart rate X systolic pressure) that is similar to healthy women thus implies that myocardial work and metabolic capacities are broadly normal in striking contrast to the profoundly reduced capacity for skeletal muscle work.
Deconditioning due to physical inactivity lowers maximal cardiac output and stroke volume and increases heart rate at a given workload, but does not change the basic relationship between cardiac output and oxygen uptake in exercise (45) . Thus, AQ/AVo2 remains 5-6. That the patient's high heart rate in exercise is not simply attributable to deconditioning is implicit in the fact that the cardiac output is threefold normal (A&Q/AVo2 = 16.2) at a given workload, while cardiac stroke volume is comparable to normal women.
Exaggerated oxygen transport in exercise is not a nonspecific response to muscle pain or weakness as indicated by the finding of a normal AQ/AlVo2 in patients with exertional myalgia, muscular dystrophy, and metabolic myopathies with normal muscle oxidative capacity (1 1). A normal Q relative to metabolic rate in patients with muscular dystrophy suggests that increased motor unit recruitment at a given level of exercise due to muscle weakness or atrophy does not exaggerate oxygen transport. This implies that increased central command is not the primary mechanism ofthe exaggerated cardiac output in our patient.
Exercise cardiac output has not been reported heretofore in patients with defined defects in skeletal muscle electron transport, but excessive oxygen transport relative to metabolic rate and impaired extraction of oxygen from blood in exercise has been recognized in other severe muscle oxidative defects. Larsson et al. (9) and Linderholm et al. (10) described patients with an incompletely characterized defect in pyruvate oxidation (high lactate and pyruvate production, low L/P in exercise), and a markedly low maximal oxygen uptake (-10 ml/kg per min). These patients demonstrated excessive increases in cardiac output and muscle blood flow in exercise and markedly subnormal systemic and femoral a-v 02 difference consistent with profoundly impaired muscle oxygen extraction. A steeper than normal rise in cardiac output and blood flow to active muscle relative to oxygen uptake also has been demonstrated in muscle phosphorylase deficiency (McArdle's disease) (12, 46) in which the block in glycogen breakdown limits the availability of pyruvate, the substrate required for normal maximal oxidative capacity (47 .°°r-oxygen extraction and exaggerates blood flow and cardiac output relative to metabolic rate, reproducing the major metabolic and circulatory abnormalities of our patient (50, 51) . These results support the hypothesis that severely impaired muscle oxidative phosphorylation is a metabolic common denominator of the exaggerated oxygen transport in exercise in muscle oxidative defects. Nuutinen and co-workers proposed that the muscle phosphorylation potential, [ (51) . Assuming equilibrium of the creatine kinase reaction, the ratio phosphocreatine (PCr)/inorganic phosphate (Pi) is directly proportional to the phosphorylation potential (52) . An exaggerated fall in muscle PCr/Pi relative to exercise intensity is typical of human respiratory chain defects (38, 39) , consistent with the hypothesis that the phosphorylation potential in skeletal muscle plays an analogous role in regulating cardiac output in exercise. A greater than normal fall in muscle PCr/Pi relative to workload also is a feature of exaggerated 02 transport during exercise in muscle phosphorylase deficiency (53) . Notably, increasing oxidative substrate availability in McArdle's disease attenuates the fall in the muscle PCr/Pi in parallel with normalization of exercise cardiac output and leg blood flow (49, 53) . The specific metabolic factors that may link the muscle phosphorylation potential and the circulatory response to exercise are speculative, but likely candidates include increased release of adenosine, Pi, and/or potassium from active muscle (49, 54) .
Ventilation, like cardiac output, normally is closely coupled to muscle metabolic rate in exercise. Regulation probably involves central command (55) as well as the action of bloodborne muscle metabolites such as CO2 or H' ions. There also may be a reflex ventilatory drive originating in metabolically sensitive neural afferents in working muscle (56) . In patients with muscle oxidative defects and exaggerated oxygen transport in exercise, a parallel disturbance of ventilation is typical, marked by normal ventilation at rest but a larger than normal hyperpnea relative to the increase in metabolic rate in exercise. A direct link between muscle oxidative capacity and exercise hyperpnea is suggested by the observation in McArdle's disease that increased oxidative substrate levels normalize exercise ventilation relative to metabolic rate while lowered substrate availability potentiates the exaggerated ventilatory response (13) . Compared with McArdle's disease, where lactate production is blocked, hyperpnea is more pronounced and symptoms of exertional dyspnea are more prominent in muscle oxidative defects with exaggerated lactate production in exercise. This is compatible with potentiation of exercise hyperpnea by lactic acidosis. The finding of an abnormally high RER with maximal exercise in our patient is indicative of anomalously high ventilation relative to muscle metabolic rate. Similarly high RER responses to exercise have been noted in patients with complex I deficiency (3, 5) .
Understanding of the regulatory mechanisms is incomplete, but a coherent hypothesis to explain exaggerated exercise cardiac output and pulmonary ventilation in human disorders of muscle oxidative metabolism is emerging. As illustrated by our patient with an intrinsic muscle respiratory chain defect, a markedly diminished ability to increase muscle oxidative phosphorylation relative to energy demand in exercise impairs oxygen extraction and probably promotes a steeper than normal fall in the muscle phosphorylation potential relative to work performed. Exaggerated accumulation ofmetabolites that normally link oxygen demand, delivery, and utilization via oxidative phosphorylation may result. A parallel system of ventilatory regulation driven by metabolic demand as signalled by the muscle phosphorylation potential and H' production may account for exaggerated ventilatory responses to exercise in muscle oxidative defects.
